Spacecraft and launch systems are examples of complex products which require a careful balance between competing concerns, such as performance, weight, and reliability, to serve their mission. This paper proposes that an economic analysis of all parties to spacecraft launch and operation can be used to construct a top-level value function on the launch system attribute space. A baseline value model was developed for a scenario involving a Lunar Helium-3 (He 3 ) mining business venture, based on the potential for He 3 e model will determine the relationship between the attributes of a space launch system and overall value. These relationships will be captured on a response surface, identifying the direction of maximum value. This space launch system value model has implications for use in system trade studies, technology evaluation, and design optimization.
Introduction
The Center for System Studies at the University of Alabama in Huntsville is exploring how systems engineers can cause a space launch system to be affordable, and, more deeply, what affordability is, and what causes a complex engineered system to become unaffordable. What causes cost, in a broad sense, and what are specific cost drivers that are under control of system engineers and design engineers? Why do some programs cost much more than other programs? The research team is attempting to understand whether cost can be made mathematically tractable like flight dynamics or heat transfer, where a set of equations connects cause to effect. [1] The NASA Space Launch System (SLS) is the domain for the research, and serves as a ready source of data.
Affordability is not simply a matter of low cost the lowest cost solution would be to do nothing. Instead, the affordability challenge is to strike the right balance between cost, performance, reliability, and other attributes that affect operators, owners, and customers of a space launch. This challenge is not unlike the challenge of building a winning football team. A team may be very good at passing, but cannot succeed unless it also has good defense. The ability to score is essential for a strong offense, but not sufficient the team must also be able to move the ball down the field. Focusing on any single aspect of the game is not enough. A winning team must be able to do all aspects of the game well, and some aspects very well. Its win-loss record can measure the performance of a football team. To find the right balance in the design of a space launch system, a similar measure is needed.
This paper proposes a value model to measure the design of a heavy-lift launch system. Keeney developed the concept of a value model. [2] In essence, a value model takes in all the relevant attributes of a system and delivers a measure of preference for the system, which is the value of the system. If a value model compares two systems, the system that is preferred will get a higher value score, in the same way that when a ruler is used to measure the height of two people, the taller person will be measured as having the greater height. The Space Launch System (SLS) value model inputs the attributes of a SLS design and outputs a value score. If one design is better than another, it will receive a higher score.
All value models have a point of view. Who considers the design better? Our current model takes the point of view of the owner of a He 3 mining enterprise who is using the SLS to deliver people, mining equipment, and stores to the surface of the moon so that He 3 can be extracted and exported to earth for energy generation. The owner pays for launch systems at cost and is self-insured so that he or she is directly exposed to the cost and reliability of the rocket. In future work, this point of view will be expanded to take in other potential missions.
Why build a value model? A value model is a very useful design tool. In a trade study, the value model can identify the better design. A value model can be used in a similar way to measure the values of technologies that might be inserted into the system. [3] The value model serves as the objective function for design optimization. Similarly, the value model can be used to identify trends in a trade space during exploration. Also, a system value model like the SLS model can be used to derive objective functions for all the components of a system. [4] This paper will begin with an overview of value modeling theory, and then discuss the construction of the SLS value model.
Value Modeling Theory
A recapitulation of the theory behind value modeling will make the SLS modeling methodology more clear. The review begins with the notion of value, which leads to the nature and purpose of modeling value. Much of this discussion in drawn from Collopy. [5] 
Value
People act to bring about the future they desire. This is the essence of rational behavior. However, the future tends to be uncertain. A particular action may bring about any of several futures. Subjective expected utility theory [6] (considering here only risk-neutral decision makers) tells us that the correct act in the face of uncertainty is the one for which the probabilistic expectation (roughly, the probability weighted average) of the values of the possible outcomes is the greatest.
Therefore, value must be measured with numbers that have order and allow us to compute an expectation. To have the property of order, it must be possible to lay values out on a number line. To compute an expectation or any sort of weighted average, values are multiplied by scalars and the difference between two values is measured. Although one one value of Option A exceeds the value of Option C by three times as much as the value of Option B exceeds the value numbers that represent value is that value must be represented by real numbers unique within an affine transformation.
Earlier, the discussion of value was limited to risk-neutral decision makers. Arrow and Lind [7] have shown that a government (and SLS is a government project) should always take a risk-neutral stance. Therefore, this analysis did not address risk aversion, which allowed avoiding the topic of utility measures. Instead, the measure of value is always commensurate with the everyday measure of value: money. In particular, the SLS value model measures value in dollars.
What is a Value Model?
If value is a measure, a value model is a ruler. The purpose of a value model is to measure the value of a system. The value of a design for the Space Launch System (SLS) is the measure of interest. The SLS value model outputs this value, and the higher the value, the better the design. A value model measures the value of alternatives, expressed as quantified attributes, as illustrated in Fig. 1 . For example, one SLS design will be described in terms of mass, reliability, cost, propulsion efficiency, and other numerical descriptors. Based on these attributes, the value model can compute the value of the SLS design in dollars.
Fig. 1. Illustration of a value model
One way to think of the model is in terms of a high dimensional attribute space, where each attribute is an orthogonal coordinate axis of the space. A point in the space describes each design. The value model is a potential function on this space. It maps every point in the attribute space to a unique scalar value, much as an electric field assigns to each point in geometric space a unique voltage (electrical potential), or a flow field assigns to each point a unique pressure. The mapping forms a value surface over the space.
Using the Value Model
The value model has several uses in decision analysis:
First, it can be used to perform system trade studies. If there are four options in a trade study, for example, the attributes of the SLS are determined for each option. Then the value model measures each option in dollars. The option with the highest value is the preferred approach. Second, the value model can be used to evaluate technologies. For each technology, SLS is evaluated with and without the technology. The difference between the value measurements, with and without, is the dollar value of the technology. Third, the value model can be used for parametric studies. A series of launch system designs can be considered over a range of design attributes such as chamber pressure and nozzle coefficient. Value can be plotted in the parametric space. A peak in the value surface identifies the attributes of the best design.
Fourth, the value model is an essential tool for distributed optimal design, which can dramatically improve the affordability of complex aerospace systems. [4] . Fifth, the value model is necessary to conduct value-based acquisition [8] , a strategy for acquisition of weapon systems yields more capable systems for lower cost than current practices, including price-based acquisition. Combined with distributed optimal design, value-based acquisition could have reduced the cost of a program like the Joint Strike Fighter by $50 billion.
[9].
Structure of the Value Model
A performance model bases its calculations on physical laws; likewise, the value model bases its logic and computations on the laws of economics. The easiest way to do this is to use Net Present Value (NPV), which is essentially the benefits of the system minus all the costs, and modeled with cash flow discounting. The impact of time on value is captured in a cash flow discount factor, r, defined as follows: The ratio of the value of a dollar received today to a dollar received one year from today is 1+r." The beauty of using NPV as a measure of goodness -to- [5] 
SLS Value Model Methodology
The basic value model methodology used to develop the SLS value model followed these steps: 1. Develop a set of scenarios and assumptions to evaluate candidate mission 2. Determine Net Present Value of mission 3. Evaluate impact of attributes on NPV with perturbation analysis to develop objective function.
Generating Scenario
The lunar mining mission is assessed as a commercial venture. A lunar base is first established to support the mining operation, the necessary equipment is delivered, and He 3 will be returned to earth and sold. The objective is maximizing the net present value of business operation of mining and selling He n that all the pieces needed to complete the mission are available and ready to implement.
Fusion Energy: the Benefit
The need for clean, safe, and abundant energy grows with population growth. Researchers continually look to new technologies to improve on the problems of fossil fuels and nuclear fission. A different form of nuclear energy, nuclear fusion appears to be much more environmentally acceptable, and has superior safety characteristics. Kulcinski believes fusion fueled reactors could supplement the existing energy supply with an additional quarter of the United States energy needs by 2050. [11] Controlling fusion for power production is a worldwide continuing research effort. Examples include ITER Project in France, Institute for Fusion Science in Japan, Kurchatov Institute in Russia, among two dozen others. The deuterium-tritium (DT fuel) fusion cycle research shows promise, but an even more attractive fusion cycle fuel exists through combining deuterium and He 3 f the D-He 3 reaction compared to the more conventional DT fuel include: much reduced radiation damage to the fusion reactor confinement structure, much lower long lived residual radioactivity in structural components, no need to breed tritium, and the potential for direct conversion to electricity at 60- [ Using steam coal for the equivalent power generation of 1000 mW electric plant sets a fixed current sales price of $140 million per 100 kg He 3 . If He 3 were to replace US current energy demand, 25,000 kg would be needed.
However, Schmitt proposes supplementing current fuels with an additional quarter of current energy needs, roughly 6,000 kg, in order to meet 2050 energy demands.
[10]
Lunar Mining Operation: the Mission
Schmitt details the lunar base components, power and life support equipment, and the operations/support of the outpost and mining. The lunar settlement activation consists of 5 initial deliveries: outpost (85,000 kg payload), two crew deliveries, and one delivery of the first lunar miner-processor, completed by the end of first year of the mission. The outpost supports a crew of eight people to maintain the base and operate 15 miners. [10] In order to maximize profit and meet the energy demands of 6,000 kg He 3 per year by 2050, several outposts will be established.
Concept plans for the miner-processor, Mark II, were developed by Sviatoslavsky as the basis of mining student Mark Gadja improved on the miner, Mark III, and its specifications are the basis for this paper. The concept includes power needs, supporting equipment, as well as size, mass and output rate. In addition, the Mark III specifications detail how He 3 is extracted processed and stored for return transportation. The payload mass of the miner-processor is 10,000 kg (with plans to assemble on the moon if necessary), supporting equipment adds another 22,500 kg, and the He 3 output rate 66 kg/yr per miner. [13] 
Space Transportation: Performance Parameters of SLS
Schmitt proposed a new Saturn V-like heavy launch vehicle capable of delivering 100 mT payload to the lunar surface. He acknowledges this is a challenge, but offers no additional details to achieve it. This paper uses a baseline launch vehicle capable of 130 mT payload to orbit, and like Schmitt, only looks at the top-level architecture of the space launch system. Using only the second stage of a 130 mT launch vehicle, and several starting point assumptions for propulsion system variables appropriate to this launch vehicle, the Tsiolkovsky rocket equation yields a lunar surface payload of 32,500 kg was calculated for the baseline value model, as will be shown in a later section. The authors wish to stress the mission (the value model) does not require a certain payload capacity, but rather, uses whatever payload is available to determine how many miner-processors can be delivered to the moon per year. The SLS model will evaluate number of launches a variable ranging from 4 to 14 launches per year.
Conceptual Model Development
The concept of operation outlined above provides the information needed to develop a conceptual model to map the pieces together, as seen in Fig. 2 .
Fig. 2. Concept model
There are four parts to this conceptual value model:
1. Performance model -this model is the launch vehicle; it has specific impulse and propellant mass fraction as its inputs, and lunar surface payload as its output. The value model does not intend to maximize payload, but rather to show value for any payload delivered to lunar surface. 2. Mission module the scenario def . It has payload as its input and mission costs and benefits as its output. In this paper, it is the moon-mining venture. 3. Schedule module This module provides the yearly costs and revenue for the cash-flow streams needed for the NPV model. Mission costs and benefits (based on payload), number of launches, and reliability are its inputs. Yearly mission costs and benefits are its output. 4. NPV model is the valuation part of model it aggregates yearly cash-flow streams of development, production, and operations costs (one for SLS, the other for mining mission) and revenue, per schedule. A discount rate (7% for government projects) is applied, and the summed value is the output Net Present Value in dollars.
Developing a Baseline Value Model
The first step to developing the baseline value model was dependent on specifically, the cargo mass delivered to lunar surface. The baseline performance parameters the model used were 2 nd stage I sp of 465.5 seconds, 2 nd stage pmf of 0.904 and yielded 32,500 kg available payload per launch. The next step was to apply the available payload to the mining venture such that the outpost payload could be delivered a crew with lander/return vehicle delivered, and finally, 15 miner/processors delivered. Starting with 5 launches per year, the base, crew and 2 miner/processors are set up in the first year to harvest 117 kg of He The final step is the NPV valuation; costs and benefits of the mining operation and the costs of space transportation are aggregated in the form of yearly cash flows. Table 1 shows the cost estimates used for the baseline . The accuracy is not important for the model baseline; rather, they provide a starting point for forming the model. The NPV model incorporates the costs and benefits in the following way: 1. Total development costs are a one-time cost in year one.
2. An 80% learning curve is applied to the production costs and added each year. 3. Operations costs are added each year 4. The revenue is $1.4 million per kg He 3 returned per year. A simple reliability factor of 0.9 is applied to the revenue to account for losses of any part of the mission that would reduce the amount of He 3 returned for sale. 5. Costs and benefit are summed and a discount rate is applied to yield a net present value for each year. 6. The final output of the NPV model is the summed net present value for a 60 year campaign. The baseline value model is complete and provides net present values for any change in input variables (Isp, pmf, # of launches, reliability, SLS development cost, SLS production cost, and SLS operation cost). At this point of the research, these results are specific to the moon-mining scenario. The purpose of the baseline value model is to establish the process for developing a value model and scoring mechanism, not to provide absolute value. In addition, the reason the accuracy of the estimates is unimportant is because costs, reliability, number of launches and the rocket performance parameters will now become input variables to the value model. These input variables can be changed independently from each other and yield a different output score. In fact, several alternative launch vehicle configurations and costs could be entered into the model, and the resulting output scores could be used to compare these alternatives based on the highest score. As a trade study, this is a useful achievement.
However, the real value of this model is in the next stage of this research, in which the system value model will be used to derive objective functions to guide the design of the SLS and components of the SLS. The significance is that an objective function provides direction of improvement -a response surface in design space -so that one can see which attributes contributes to highest value. In this way, the value provides the guidance that was formerly drawn from requirements, or, the overall system value shows the value of certain design attributes. A value model makes many kinds of traditional system requirements obsolete. [14] 
Conclusions
In summary, this paper presents the theory, rationale, and methodology for developing a space launch system value model. The work remaining to complete the value model includes perturbation analysis, sensitivity analyses, and model validation. A perturbation analysis will obtain coefficients for the objective function, and is accomplished by approximating the partial derivatives of system value to attributes, or gradients. Once this is done, an equation for the objective function can be formulated. Sensitivity analyses performed on the assumptions and scenario will show the limitations of this model to different scenarios and ranges of variables. Sensitivity testing will show the impact of all the assumptions used to calculate payload, benefit and costs, and whether any inputs were too conservative, or make no difference to the system value. Testing mission parameters will determine if this model is only valid for a scenario that is potentially 50 years away from realization. A more plausible scenario is satellite launches, and a sensitivity analysis for this scenario would show if the model is valid for satellites or even a Mars mission. If the results are consistent with the moon-mining mission, the scenario has little effect on the validity of the model. Continued effort will show the results and analysis for the use of value modeling. The SLS value model development and analysis are part on ongoing research, and the results will be presented in the near future. The research presented in this paper contributes a value-focused methodology for decision makers to evaluate designs, technologies and programs to achieve the best investment.
